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a b s t r a c t
Beam injection and extraction from a plasma module is still one of the crucial aspects to solve in order to producehigh quality electron beams with a plasma accelerator. Proper matching conditions require to focus the incominghigh brightness beam down to few microns size and to capture a high divergent beam at the exit without loss ofbeam quality. Plasma-based lenses have proven to provide focusing gradients of the order of kT/m with radiallysymmetric focusing thus promising compact and affordable alternative to permanent magnets in the design oftransport lines. In this paper an overview of recent experiments and future perspectives of plasma lenses isreported.
1. Introduction
Multi-GeV acceleration, both laser and particle beam driven, hasbeen already demonstrated in cm-scale plasma structures [1–4]. Greatefforts are currently ongoing in several groups [5–8] worldwide forthe acceleration of high brightness electron beams, which need to becaptured and transported up to the final application. The aim is thepreservation of the quality of the 6D phase space, which is demandingin particular for FEL experiments. In this regard, both in case of plasmaand RF injectors, the control of electron injection into the plasmamodule is mandatory for efficient acceleration: the beam must satisfythe transverse matching condition at the plasma entrance to preventenvelope oscillations that may cause emittance growth. In particular, thefollowing condition for the Twiss parameters of the witness beam holdsin the blow-out regime and assuming negligible beam loading [9]):
𝛽𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔 =
√
2𝛾
𝑘𝑝
, (1)
where 𝑘𝑝 = 2𝜋∕𝜆𝑝 is the inverse plasma skin depth, with the plasmawavelength depending on the plasma background density as 𝜆𝑝 (μm) ≈
3.3 ⋅ 1010𝑛−1∕2𝑝 (cm−3); 𝛾 is the Lorentz factor for the electron beam. The
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matching condition for the beam transverse size is
𝜎𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔 =
√
𝛽𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔𝜀𝑛
𝛾
∶ (2)
with the typical numbers involved, e.g. 𝛾=1000, 𝑛𝑝=1016 cm−3 and
𝜀𝑛=1 mm mrad, the beam transverse size is of micrometer scale.One option to relax the tight matching condition on the transverseplane is to use plasma ramps, the progressive transverse force focusesthe beam along the density profile. A density shaping can be achievedby either varying the capillary diameter along its length [10], ortailoring the gas profile [11], or eventually exploiting optical-ionizationmethods [12]. Advantages of density ramps are discussed in [13–15],however ramps are still an open question and consequently underinvestigation due to their cumbersome nature. We notice that rampscan be formed by non-fully ionized gas eventually non-even in thermalequilibrium, conditions that might affect bunch quality at some degree.The key difficulty that still holds is whether the ramp can have anarbitrarily long shape where the bunch would self focus and reach anatural equilibrium, or if the ramp need to have a length function of thebunch betatron function [16,17].Once accelerated in the plasma, electron beams must be capturedand transported along the beam line. When exiting the plasma region,
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electrons move from an extremely intense focusing field, generatedinside the bubble, to a free space where the focusing effect suddenlyvanishes. Indeed, plasma fields are stronger, 102–103 times, than inconventional accelerators, depending on the plasma density 𝑛𝑝 as [18]
𝐺 (MT/m) ≈ 3 𝑛𝑝(1017 cm−3) . (3)With the typical plasma densities considered in these experiments, i.e. ofthe order of 1016–1017 cm−3, 𝐺 ≈ 1 MT/m. Therefore, because ofmrad-scale angular divergence, the beam experiences a huge transversesize variation when propagating from the plasma outer surface tothe following beam line element. Under these conditions, the particletransverse motion becomes extremely sensitive to the energy spread:the betatron frequency of a particle critically depends on its energy,therefore particles with different energies, in a drift, rotate with differentvelocities in the transverse phase space, resulting in a wider bunchtrace space area. As a consequence, the resulting projected normalizedemittance becomes a function both of drift length and energy spread.In this regard, the beam angular divergence has to be reduced and thetransverse spot size increased to limit the chromatic induced emittancedegradation in free space [19,13] as formulated by [20]
𝜀2𝑛 = ⟨𝛾⟩2(𝜎2𝐸𝜎2𝑥𝜎2𝑥′ + 𝜀2) ≈ ⟨𝛾⟩2(𝜎2𝐸𝜎4𝑥′𝑠2 + 𝜀2) , (4)where the bunch size dependence on the angular divergence in a driftis 𝜎𝑥(𝑠) = 𝜎𝑥′𝑠, assuming a beam waist as starting condition.For the reasons above mentioned, a radially symmetric focusinggradient of the order of kT/m, and eventually higher, is needed at theinjection of the plasma accelerating module to guarantee the matchingcondition. In addition, it is preferable at the extraction from it to limitthe emittance growth in the transition from the plasma module and thefree space. Furthermore, since chromaticity scales inversely with thebetatron function, any capture and transport system should be placedin the immediate proximity of the plasma outer surface to avoid beamquality degradation, if the energy spread is not mitigated below 1%. Ad-ditional features of such a focusing device should be a focusing strengthscaling proportionally to 1∕𝛾, to be effective even at ultra-relativisticenergies, and a focusing field varying linearly with the radius, to preventemittance degradation due to geometric aberrations. Finally, a focusingfield independent on the beam distribution and the tunability of thefocusing system to adjust the focal length would be preferred.
2. Conventional focusing systems
One option would be using conventional focusing systems, such assolenoid and permanent magnet quadrupoles (PMQ); however, theyboth have disadvantages, which make their use not advisable. In par-ticular, solenoid magnets, whose advantages are the radial symmetricfocusing and the tunability, are characterized by a focusing strength,which scales as 1∕𝛾2:
𝐾𝑠𝑜𝑙 =
( 𝑒0𝐵
2𝑚0𝑐
)2 1
𝛾2
, (5)
resulting in a significant contribution to chromaticity as long as theenergy spread is not negligible, due to the different focusing expe-rienced by particles in the bunch. On the other hand, PMQs whosefocusing strength scales as 1∕𝛾, with focusing gradients up to nearly600 T/m [21,22], provide radial focusing only in triplet configura-tion, resulting in a longer, few tens of cm, effective focal lengthwith increased chromaticity. State-of-the-art quadrupoles are not strongenough compared to transverse plasma gradients (see Eq. (3)) to limitthe emittance growth that might occur because of the abrupt transitionbetween plasma and vacuum. At the exit of the plasma-acceleratingmodule, the beam size is a few micrometers, therefore with typicalvalues for the normalized emittances, i.e. 1 mm mrad, the angulardivergence is several mrad and the betatron function few millimetersfor GeV beams. Therefore, in the drift downstream from the plasma-accelerating module, the betatron function, which increases with the
square of the drift length, reaches values of the order of 10 m after100 mm. In addition, since quadrupoles are defocusing in one of bothplanes, the betatron function reaches large values (10–100 m) at thenext quadrupole, resulting in chromatic effects emphasized by thelarge quadrupole gradient. These chromatic effects generate emittancegrowth and beam degradation. In addition, non-trivial movable holdersare needed to adjust the focal length [23], resulting in a narrow rangeof beam energy covered by a single system.Therefore the natural choice would be the exploitation of plasmafields to focus beams.
3. Plasma lenses
Plasma focusing can occur because of the following mechanisms: (i)by the self-focusing due to the shielding process produced when thebackground plasma reorganizes itself to conserve the overall neutralityafter the passage of a driver beam (passive plasma lens), and (ii) by theazimuthal magnetic field produced by an externally-driven axial current(active plasma lens).In 1922 electrostatic focusing of a continuous low energy electronbeam was observed due to electrostatic fields created by a beam-ionizedgas within a cathode ray tube [24]. In the early 1930s the conceptof passive plasma lenses was conceived, showing that an electronstream can magnetically self-focus, if it has sufficient current and itsspace charge is neutralized by positive ions [25]. Two regimes canbe exploited, defined by the ratio between the beam density, 𝑛𝑏 =
𝑁
(2𝜋)3∕2𝜎𝑧𝜎2𝑟
, and the plasma density, 𝑛𝑝 (𝑁 is the number of particlesin the bunch, 𝜎𝑧 and 𝜎𝑟 the beam longitudinal and transverse size,respectively). In the linear or over-dense regime, 𝑛𝑏𝑛𝑝 ≪ 1, the bunch’sself-field creates only a small perturbation of the plasma density [26]:the plasma electrons respond to the excess of charge by moving awayfrom the beam particles, while the remaining plasma ions neutralize thespace charge force within the beam, resulting in the beam focusing dueto its self-generated azimuthal magnetic field, whose focusing strengthdepends only on the beam density as
𝐾 =
2𝜋𝑟𝑒𝑛𝑏
𝛾
. (6)
In the blow-out or under-dense regime, 𝑛𝑏𝑛𝑝 ≫ 1, the plasma response isnot well described by the linear fluid theory; the plasma electrons arecompletely rarefied by the electron beam, which drives a strong plasmawave in the background plasma; the electron beam is focused by theuniform charge density of the ions, resulting in a linear focusing, nearlyaberration-free, due to the transverse electric fields of the plasma wave,and the focusing strength depends only on the plasma density and noton the local beam density [27]:
𝐾 =
2𝜋𝑟𝑒𝑛𝑝
𝛾
. (7)
In mid-1980s, P. Chen first proposed passive plasma lenses as finalfocus elements [28] to improve the luminosity in future high energye+e- colliders because of the ultra-strong, up to MT/m, field gradient.Passive plasma lenses, being the focusing force governed by the densitiesof both, the beam and the plasma, are characterized by a limitedtunability, with beam parameters affecting the focusing force and thelens aberrations.The first idea of using externally driven plasma axial current to focusa proton beam was conceived by Panofsky and Baker in 1950 [29].Focusing is due to plasma discharge current either in gas-filled capillaryor in an evacuated channel by the azimuthal magnetic field. Becauseof the external discharge current, this plasma lens has been named asactive.An active plasma lens behaves as a current carrying conductor,realized by means of a discharge applied between the electrodes at theedges of a capillary. The bunch is focused by the azimuthal magneticfield, 𝐵𝜙, generated by the discharge current according to Ampere’s law:
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Fig. 1. Schematic picture of the active plasma lens and its focusing feature.
𝐵𝜙(𝑟) =
𝜇0
𝑟 ∫
𝑟
0
𝐽 (𝑟′)𝑟′𝑑𝑟′ , (8)
where 𝜇0 is the vacuum permeability and 𝐽 (𝑟) the current density withinthe aperture (𝑟 < 𝑅, with𝑅 is the capillary radius). The focusing strengthis then given by
𝐾 =
𝜕𝐵𝜙(𝑟)
𝜕𝑟
𝑒0
𝑚0𝑐𝛾
, (9)
and, in principle, optimal focusing condition is reached when thecurrent density is perfectly parallel to the capillary axis and transverselyuniform: in this case, the magnetic field intensity has a linear depen-dence on the distance from the axis. Active plasma lenses have tunablefocusing strength, being dependent on the applied discharge current,which can be changed by delaying the beam arrival time with respectto the beginning of the discharge.A schematic picture of an active plasma lens is depicted in Fig. 1.Since beam injection and extraction from a plasma accelerating mod-ule is still one of the crucial aspects to be solved for the plasma-basedacceleration of high quality electron beams, plasma lenses are currentlyenjoying a renaissance worldwide to demonstrate their integration inconventional transport beam lines without affecting the beam qualityand, in particular, avoiding emittance degradation.In 2010s the BELLA group at LBNL first reassessed the idea of activeplasma lenses [30] for staging of jet-based laser plasma accelerators(LPA) [31], demonstrating the symmetric focusing with gradient ofthe order of kT/m and highlighting the effect on the beam transversedistribution of non-uniformity of the discharge current [32]. In thesame period at the SPARC_LAB test facility [6], we started investigatingactive plasma lenses paying attention to the emittance characterizationdownstream from the plasma [33] and highlighting the passive lensfocusing effect experienced by the electron beam at delay times (fromthe beginning of the discharge) when the current is too low to produceany active focusing, and the self-focusing gradient dominates due to theover-dense regime [34]. Recently a FLASHForward collaboration hasconducted experiments at the Mainz Microton (MaMi) with 855 MeVbeam, providing the first direct measurement of the magnetic fieldgradient [35]. More recently experiments are ongoing at the CLEAR [36]user facility at CERN with the aim of studying the presence of plasmawakefields and how they eventually distort the beam distribution.In the following section experiments performed at the SPARC_LABtest facility will be presented with the aim of providing a full com-prehension of the focusing process, which depends on several aspects,e.g. plasma temperature, ionization degree, that contribute to a moretransversely non-linear magnetic field profile. The only way to demon-strate the linearity of the magnetic field within the capillary radiusis given by the measurement of the normalized projected emittancedownstream from the plasma which, in principle, does not degrade beamparameters, being the scattering in the plasma negligible.
4. Experimental results at SPARC_LAB
SPARC_LAB is a test facility based on a high brightness photo-injectorand a high power laser (200 TW, <30 fs pulse) to drive Thomson back-scattering [37] and THz radiation [38] sources, Free-Electron Laser
Table 1Measured beam parameters at the plasma entrance.
𝑄 (pC) 50 (5)
𝐸 (MeV) 126.5 (0.04)
𝛥𝐸∕𝐸 (%) 0.06
𝜀𝑛𝑥 (mm mrad) 0.9 (0.1)
𝜀𝑛𝑦 (mm mrad) 1.15 (0.05)
𝜎𝑧 (μm) 303 (6)
𝜎𝑥 (μm) 79 (2)
𝜎𝑦 (μm) 86 (2)
(FEL) experiments [39] and plasma-based acceleration experiments,both laser-driven [40] and particle-driven [41]. The updated photo-injector layout consists of two S-band traveling wave (TW) acceleratingstructures and one TW, constant impedance, C-band structure [42],which for the plasma lens experiments shown here has been kept off,providing only a drift and no acceleration. The plasma interaction cham-ber is fully equipped with diagnostics, both transverse and longitudinal,with a 𝐻2 plasma discharge capillary1 [43] and permanent magnetquadrupoles for beam matching in and out from the plasma for plasmaacceleration experiments. The photo-injector can be set, depending onthe experiment, to provide energy between 30 and 160 MeV, with bunchcharge ranging between ten and multi-hundreds of pC in fs up to psbunch duration. For the plasma lens experiment presented here theachieved beam parameters are listed in Table 1.At SPARC_LAB we have started investigating active plasma lenseswith the aim of characterizing the effect on the transverse emittance,which is of utmost importance if plasma lenses need to be integratedin conventional transport beam lines. In the previous work [33], wehave observed a dramatic increase of the transverse emittance probablydue to the fact that the magnetic field profile is linear only close tothe axis, as it is also confirmed by simulations. To describe the maineffects of the discharge process, we have followed a one-dimensionalanalytical model [44] that assumes the distribution of plasma inside thecapillary at the equilibrium stage as soon as the discharge is initiated.The magnetic field profile assumes that the equilibrium is determinedonly by the balance between Ohmic heating and cooling due to theelectron heat conduction. With the 3 cm long capillary and the lowerpeak current (20 kV, 100 A) discharge circuit, we have observed, asreported in [33], a partial ionization of the gas, being maximum of 30%in close proximity to the axis. The partial ionization of the hydrogenresults in an even more non-linear magnetic field, since the currentis forced closer to the axes. To get rid of the non-linearities in themagnetic field, causing emittance degradation, we replaced the 3 cmlong capillary with a shorter one, 1 cm length,2 and we modified thedischarge circuit to produce a peak discharge current of 240 A with 20kV, resulting in an unchanged focal length of 20 cm, where a YAG:Cescreen is placed for transverse beam size measurement.The one-dimensional model used confirms a higher and more uni-form ionization degree within the capillary radius as depicted in Fig. 2(red curve). The current is distributed approximately uniformly withinthe capillary aperture, resulting in a more linear magnetic field (Fig. 2(blue curve)).Under these conditions, and with beam parameters at the plasmaentrance listed in Table 1, we have observed a more uniform beamtransverse distribution as shown in Fig. 3 for the two cases. In particular,at the current of maximum defocalization, the beam distribution is notaffected by spherical aberrations (Fig. 3b), signature of non-linear mag-netic field and responsible of the emittance growth observed in [33].
1 The H2 generation and injection system consists of an Electrolytic generator,a pressure reduction system (300 mbar become 10 mbar in capillary), an electro-valve triggered by the HV discharge with tunable aperture (3 ms), to let gas flowinside the capillary, and delay time (10 us before discharge).2 The 1 cm-long capillary, with 1 mm hole diameter, is made by 3D printing;one inlet is open for gas flow at 1/2 of capillary.
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Fig. 2. Calculated radial profiles of the azimuthal magnetic field (blue) and H2ionization degree (red) for 130 A discharge current, value at which the beamtransverse size on the screen is minimized. (For interpretation of the referencesto color in this figure legend, the reader is referred to the web version of thisarticle.)
Fig. 3. Beam transverse distribution measured on the YAG screen at 20 cm fromthe capillary for the maximum current: (a) 100 A and 3 cm length, (b) 240 Aand 1 cm length.
Fig. 4. Measured normalized transverse emittance as function of the time delayfrom the beginning of the discharge.
Fig. 3 shows a comparison between measured transverse distribu-tions in case of an ionization degree of about 30% mainly on axis (a)and of 50% over a larger fraction of the capillary radius (b).The more linear magnetic field within the capillary contributes to amoderate emittance growth as experimentally observed. The emittance,measured as function of the time delay from the beginning of thedischarge, is reported in Fig. 4. The arrival time of the electron beam isscanned with respect to the discharge pulse in order to change the activeplasma lens focusing. The -550 ns delay corresponds to the current valuethat produces a beam waist at the screen.Also in this case we have performed simulations to validate ourhypothesis and cross-check the measurements. The magnetic profile,retrieved from the 1D simulation, has been included in the simulations
Fig. 5. Normalized transverse emittance as function of 𝑧. The numericallycomputed emittance is plotted with solid lines, and the experimental values areoverlapped with stars (𝜀𝑛𝑥) and circles (𝜀𝑛𝑦).
performed using GPT [45] and Architect [46], showing very goodagreement with measured data, as shown in Fig. 5. An emittance growthbetween 30 and 40% has been registered in the plasma, with respect tothe case without plasma, probably due to non linearities in the magneticfield, explored by the outer particles of the bunch. The horizontal axis,in Fig. 5 shows a relative longitudinal coordinate along the linac. In thisrelative coordinate system, the plasma lens is placed at approximately
𝑧 = 5 cm, where the emittance (solid line) starts increasing in the1 cm long capillary. This is the result of a beam dynamics simulationwith the GPT code, assuming in the plasma capillary a radial profile ofthe azimuthal magnetic field as shown in Fig. 2. The dashed line inFig. 5 represents the simulated emittance value in case of free space (noplasma in the capillary). Since the emittance is measured through theconventional quadrupole scan technique about 5 m downstream fromthe plasma lens and the Twiss parameters are backtracked to the flag atabout 20 cm from the plasma, the data of measured emittance (𝑥 and 𝑦)with (star and dot) and without plasma (hexagon and circle) are bothdrawn at 𝑧 = 20 cm.The experimental results reported in Fig. 5 are obtained with beamparameters at the plasma entrance typical of a high brightness photo-injector (see Table 1), in particular characterized by an energy spreadmuch less than 1%. In case the injected beam in the plasma lens comesfrom a plasma-accelerating module, with an energy spread of the orderof 1%, the configuration with the plasma lens would be still moreadvantageous than that with a PMQ triplet because the plasma lens isfocusing in both planes, thus the betatron functions stay much smallerin the line and thus the sensitivity to chromatic aberrations is less [47].
5. Conclusions
Plasma lenses allow radial focusing with gradient of the orderof kT/m and adjustable focal length in case of active configurationand up to MT/m in case of passive configuration. This means thata compact, cm-scale, lens allows for a lower chromaticity system. Inparticular, progress on active plasma lens experiments at SPARC_LABhas been reported, showing a better control of the emittance growth inthe plasma-discharge capillary. We have demonstrated that a shortercapillary contributes to a more uniform distribution of the plasmatemperature, resulting in a higher and more constant ionization degreeover the capillary radius, due to the higher discharge current, needed topreserve the focal length.
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